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Abstract. We calculate the meson scattering and electroproduction amplitudes in the S11 partial wave
in a coupled-channel approach that incorporates quasi-bound quark-model states. Using the quark wave
functions and the quark-meson interaction from the Cloudy Bag Model, we obtain a good overall agreement
with the available experimental results for the partial widths of the N(1535) and the N(1650) resonances as
well as for the pion, eta and kaon electroproduction amplitudes. Our model is consistent with the N(1535)
resonance being dominantly a genuine three-quark state rather than a quasi-bound state of mesons and
baryons.
PACS. 11.80.Gw, 12.39.Ba, 13.60.Le, 14.20.Gk
1 Introduction
In the recent few years there has been a growing interest
to understand the nature of the resonances in the second
resonance region, in particular of the N(1440) and the
two closely lying resonances in the S11 partial wave, the
N(1535) andN(1650). The new experiments on photo and
electroproduction of mesons accompanied by the coupled-
channel analyses by different groups [1–8] along with anal-
yses of elastic and inelastic scattering data performed mostly
before 1995 [9–12] have provided valuable information on
the properties of these resonances.
From the theoretical side there have been substantial
efforts to understand the peculiar nature of the lightest
of the S11 resonances, the N(1535), due to its position
just above the ηN threshold and the large branching ra-
tio to the ηN channel. In the quark model this resonance
appears as a mixture of two 70-plet states with spin 1/2
and 3/2, which can explain the large ηN branching ratio
of the N(1535) and the almost complete absence of this
decay in the case of its orthogonal partner, the N(1650)
[13]. The mixing originates from the gluon and the me-
son interaction with quarks, and has been investigated in
the constituent quark model [14] and in the bag model
[15,16]. In an alternative picture, this resonance has been
explained as a quasi-bound state of mesons and baryons
with a strong admixture of the KΛ and KΣ (hidden)
channels, in the framework of a potential model [17] and
the chiral perturbation theory [18–23]. The scattering am-
plitudes can be as well reproduced in coupled-channel dy-
namical models with genuine quark states for the two low-
est S11 wave resonances [24–26] as in models assuming a
quasi-bound state of mesons and baryons. However, in the
latter approaches, the calculation of meson photoproduc-
tion amplitudes [27] shows that an admixture of a gen-
uine state corresponding to the N(1650) is necessary in
order to obtain the appropriate phases for the photopro-
duction amplitudes. This shows that the nature of the
N(1535) is governed by a subtle interplay of quark and
meson degrees of freedom which requires further investi-
gations in coupled-channel dynamical models that involve
quarks and mesons.
In our previous work we have developed a model that
incorporates excited baryons represented as quasi-bound
quark-model states into a coupled-channel formalism us-
ing theK-matrix approach [28]. In our method, the meson-
baryon and the photon-baryon vertices are determined by
the underlying quark model rather than fitted to the ex-
perimental data as is the case in phenomenological ap-
proaches. We have investigated the P33 and P11 scatter-
ing as well as electroproduction amplitudes dominated by
the low-lying positive-parity resonances∆(1232),∆(1600)
and N(1440) [28,29].
The extension of the approach to low-lying negative-
parity resonances requires the inclusion of new channels
involving the s- and d-wave pions, the η and the ρ mesons,
and the KΛ channel. The photoproduction of mesons has
been studied in a chiral constituent quark model [30–34].
In this approach the widths of the resonances have been
either fitted or taken from the PDG while in our approach
they are calculated from the quark-model wave functions.
In our previous calculation [28,29] we have found a
good agreement with the experiment for the scattering
amplitudes as well as for the electroproduction amplitudes
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by using a simple chiral quark model, the Cloudy Bag
Model (CBM) with the standard choice of parameters that
had been widely adopted in studying the static properties
of the nucleon and some low lying resonances.
The aim of this paper is to check whether the same
model is able to describe a rather specific situation in
the S11 partial wave with two closely lying resonances
and a strong admixture of the inelastic channel very close
to its threshold. Furthermore, our aim is to investigate
whether the particular form of the quark-meson coupling
that works well for the p-wave pions performs equally well
for the s- and d-wave pions, and for the other pseudoscalar
octet mesons. Moreover, we study the role of the meson
cloud which – based on our experience in the P11 and P33
partial waves – is expected to enhance rather substantially
the strength of the meson-baryon and photon-baryon ver-
tices with respect to their bare values.
In the next section we briefly explain how our method
can be used to calculate the meson scattering and the
electroproduction amplitudes in a unified approach. We
generalize the approach of [29] to include the production
of mesons other than pions.
In sect. 3 we discuss the results for the scattering am-
plitudes and concentrate on the ηN and KΛ inelastic
channels. We investigate the sensitivity of the amplitudes
in the resonance region to the relative strength of the
quark-pion and the quark-η coupling.
In sect. 4 we present the results for the transverse he-
licity amplitude A1/2 and the scalar helicity amplitude
S1/2 for the N(1535) and N(1650) resonances. Finally, we
present the results for the γN → piN amplitude at the
photon point and at Q2 = 1 (GeV/c)2, and for photopro-
duction in the γN → ηN and γN → KΛ channels.
2 Basics of the K-matrix approach
We consider a class of chiral quark models in which mesons
couple linearly to the quark core:
H ′ =
∫
dk
∑
lmt
{
ωk a
†
lmt(k)almt(k)
+
[
Vlmt(k)almt(k) + V
†
lmt(k) a
†
lmt(k)
]}
, (1)
where a†lmt(k) is the creation operator for a meson with
angular momentum l, its third componentm, and isospin t
(absent in the case of s-waves and isoscalar mesons). Here
Vlmt(k) is a general form of the meson source involving the
quark operators and is model dependent. In appendix A
we give a few examples for Vlmt(k) in the Cloudy Bag
Model.
We have shown [28] that in such models the elements
of the K matrix in the basis with good total angular mo-
mentum J and isospin T take the form:
KJTM ′B′MB = −piNM ′B′〈ΨMBJT ||VM ′(k)||Ψ˜B′〉 ,
NMB =
√
ωMEB
kMW
, (2)
where ωM and kM are the energy and momentum of the
incoming or outgoing meson, EB is the baryon energy and
W is the invariant energy of the meson-baryon system.
The channels are also specified by the relative angular
momentum of the meson-baryon system and parity. Here
|ΨMB〉 is the principal-value state:
|ΨMBJT 〉 = NMB
{
[a†(kM )|Ψ˜B〉]JT +
∑
R
cMBR |ΦR〉
+
∑
M ′B′
∫
dk χM
′B′MB(k, kM )
ωk + EB′(k)−W [a
†(k)|Ψ˜B′〉]JT
}
.(3)
The first term represents the free meson (pi, η, ρ, K, . . .)
and the baryon (N , ∆, Λ, . . .) and defines the channel,
the next term is the sum over bare three-quark states
ΦR involving different excitations of the quark core, the
third term introduces meson clouds around different iso-
bars, E(k) is the energy of the recoiled baryon. In our
approach we assume the commonly used picture in which
the two-pion decay proceeds either through an unstable
meson (ρ-meson, σ-meson, . . . ) or through a baryon res-
onance (∆(1232), N(1440) . . . ). In such a case the state
ΨMB depends on the invariant mass of the subsystem (ei-
ther pipi or piN) and the sum overM ′B′ in (3) also implies
the integration over the invariant mass. The state Ψ˜B is
the asymptotic state of the incoming or outgoing baryon;
in the case when it corresponds to an unstable baryon, it
depends on the invariant mass of the piN subsystem,MB,
and is normalized as 〈Ψ˜B(M ′B)|Ψ˜B(MB)〉 = δ(M ′B −MB),
where MB is the invariant mass of the piN subsystem.
The meson amplitudes χM
′B′MB(k, kM ) are proportional
to the half off-shell matrix elements of the K-matrix
KM ′B′MB(k, kM ) = piNM ′B′NMB χM ′B′MB(k, kM ) (4)
and obey an equation of the Lippmann-Schwinger type:
χM
′B′MB(k, kM ) = −
∑
R
cMBR V
M ′
B′R(k)
+ KM ′B′MB(k, kM )
+
∑
M ′′B′′
∫
dk′
KM ′B′M ′′B′′(k, k′)χM ′′B′′MB(k′, kM )
ω′k + EB′′(k
′)−W ,
(5)
where
KM ′B′MB(k, k′) =
∑
B′′
fB
′′
BB′
V˜M ′B′′B′(k′) V˜MB′′B(k)
ωk + ω′k + EB′′(k¯)−W
,
(6)
fCAB =
√
(2JA + 1)(2JB + 1)(2TA + 1)(2TB + 1)
× W (lBJAJBlA; JC , J)W (iBTATBiA;TC , T ) , (7)
and lA, iA, JA, and TA are the meson and the baryon an-
gular momenta and isospins, respectively. The coefficients
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cMBR obey the equation
(W −M (0)R )cMBR = VMBR(kM )
+
∑
M ′B′
∫
dk
χM
′B′MB(k, kM )V
M ′
B′R(k)
ωk + EB′(k)−W .
(8)
Here VMBR(k) are the matrix elements of the quark-meson
interaction between the baryon stateB and the bare three-
quark state ΦR, and M
(0)
R is the energy of the bare state.
Solving the coupled system of equations (5) and (8) using
a separable approximation for the kernels (6) (see [28]),
the resulting amplitudes take the form
χM
′B′MB(k, kM ) = −
∑
R
c˜MBR V˜M
′
B′R(k)+DM
′B′MB(k, kM ) ,
(9)
where the first term represents the contribution of vari-
ous resonances while DM ′B′MB(k) originates in the non-
resonant background processes. The physical resonant state
R is a superposition of the dressed states built around the
bare three-quark states ΦR′ . Here
c˜MBR =
V˜MBR
ZR(W )(W −MR) , (10)
ZR is the wave-function normalization, V˜MBR is the dressed
matrix element of the quark-meson interaction between
the resonant state and the baryon state in the channel
MB, and obeys the equation
V˜MBR = VMBR(k) +
∑
M ′B′
∫
dk′
KMBM ′B′(k, k′) V˜M ′B′R(k′)
ω′k + EB′(k
′)−W .
(11)
The non-resonant background amplitude obeys
DM ′B′MB(k, kM ) = KM ′B′MB(k, kM )
+
∑
M ′′B′′
∫
dk′
KM ′B′M ′′B′′(k, k′)DM ′′B′′MB(k′, kM )
ω′k + EB′′ (k
′)−W .
(12)
Let us mention that the resulting set of integral equations
is equivalent to the set of equations for the dressed vertices
and the non-pole part of the T matrix (see e.g. [35], eq.
(4)). In [28] we have described the numerical procedure
using a separable approximations for the kernels (6) to
solve the system.
The T matrix is finally obtained by solving the Heitler’s
equation
T = K + iTK . (13)
The method can be extended in a straightforwardman-
ner to the calculation of electroproduction amplitudes by
including the γN channel. As we have shown in [29] the
electroproduction amplitudes for the pion can be split into
the resonant part and the background part. This splitting
can be generalized to electroproduction of other mesons.
The resonant part reads
M(res)γNMB =
√
ωγE
γ
N
ωMEB
ζ
piV˜BN∗
〈Ψ (res)N∗ (W )|V˜γ |ΨN 〉TMBMB ,
(14)
where V˜γ(µ,kγ) is the interaction of the photon with the
electromagnetic current which contains quark and pion
contributions,
jEM (r) = ψ¯γ(
1
6 +
1
2τ0)ψ + i
∑
t
tpit(r)∇pi−t(r) ,
TMBMB is the meson-baryon scattering amplitude, and ζ
is the spin-isospin factor depending on the considered mul-
tipole and the spin and isospin of the outgoing hadrons.
The state Ψ
(res)
N∗ is obtained from (3) by keeping only the
linear combination of R representing N∗ in the sum over
R and the corresponding term in the sum in (9). The ex-
pression 〈Ψ (res)N∗ (W )|V˜γ |ΨN〉 = AγN→N∗ is the electroexci-
tation amplitude of the chosen resonance N∗.
The background part of the electroproduction ampli-
tude satisfies
M(bkg)MB =MK (bkg)MB + i
∑
M ′B′
TMBM ′B′MK (bkg)M ′B′ . (15)
HereMK (bkg)M ′B′ is the expectation value of the electromag-
netic interaction between the nucleon and the channel
state ΨJTM ′B′ (3) without the terms pertinent to the reso-
nant state N∗. It contains the contribution from the other
resonances, from the scattering background (the D term in
(9)), and from the first term in (3). The latter term, rep-
resenting the unperturbed meson, is responsible for the
terms corresponding to the t- and u-channel processes.
3 The S11 scattering amplitudes
We have used the Cloudy Bag Model to describe the quark
wave-functions and quark-meson coupling; the details are
given in appendix A. The parameters of the model are
the bag radius and the strength of the quark-pion cou-
pling fpi (corresponding to the pion decay constant) set
to fpi = 76 MeV which reproduces the experimental value
of the piNN coupling constant. For the bag radius we use
Rbag = 0.83 fm yielding best results for the ground state
properties and also for the scattering and electroproduc-
tion amplitudes in the P11 and P33 partial waves. Further
free parameters of the present calculations are the masses
of the bare three-quark states and the mixing angle ϑS
discussed below.
To calculate the scattering and electroproduction am-
plitudes in the S11 partial wave we have included the piN ,
pi∆(1232), piN(1440), ρN , and KΛ(1116) channels, and
the N(1535) and N(1650) resonances. The quark-model
wave-functions for the negative-parity states in the j-j
coupling scheme have been taken from [16]:
ΦR = cRA |(1s)2(1p3/2)1〉+ cRP |(1s)2(1p1/2)1〉1
+cRP ′ |(1s)2(1p1/2)1〉2 , (16)
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where the mixing coefficients cRA , c
R
P , and c
R
P ′ are expressed
in terms of the mixing angle ϑs between the spin-1/2 and
spin-3/2 three-quark configurations. They are given by
c1A = −
1
3
(2 cosϑs + sinϑs),
c1P =
√
2
6
(cosϑs − 4 sinϑs), c1P ′ =
√
2
2
cosϑs ,
c2A =
1
3
(cosϑs − 2 sinϑs),
c2P =
√
2
6
(sinϑs + 4 cosϑs), c
2
P ′ =
√
2
2
sinϑs .
In this coupling scheme the spurious translational state
belonging to the SU(6) spin-flavour 56-plet is projected
out.
The mixing is a consequence of the gluon and the me-
son interactions; since the quark-gluon interaction is not
included in the model, the mixing angle due to the glu-
ons is taken as a free parameter independent of W . In
the energy region of the N(1535) and N(1650) resonances
we obtain the best results using ϑs = −34◦ for the bare
states; after taking into account the mixing due to the me-
son loops, the value of the mixing angle reaches −33◦ in
agreement with the phenomenological analysis [13]. The
results, however, do not depend strongly on the mixing
angle, and deviations in ϑs of the order ≈ 5◦ lead to simi-
lar results. The poles of theK matrix are at 1535MeV and
1690 MeV, and almost exactly coincide with zero crossings
of the real parts of the ηN and piN amplitudes, respec-
tively. The corresponding masses of the bare three-quark
states are 1720 MeV and 1815 MeV, which are close to
the bare values used in [25].
To generate the kernel (6) of the equations for the
dressed vertex (11) and the non-resonant background (12)
we have taken into account the s- and p-wave pions, the s-
wave η mesons, and the following intermediates states: N ,
N(1440)P11, ∆(1232)P33, ∆(1600)P33, N(1535)S11,
N(1650)S11, N(1520)D13, N(1700)D13, ∆(1630)D31,
∆(1700)D33. All baryon-meson couplings have been calcu-
lated in the Cloudy Bag Model while the standard PDG
values [36] have been used for the masses of the inter-
mediate states. The contributions from the d-wave pions
and J = 52 resonances as well as from the s-wave kaons
turn out to be small. Figure 1 shows the dressed ver-
tices V˜piNN∗(kpi) and V˜ηNN∗(kη) for N∗ corresponding to
the N(1535) and N(1650) divided by the corresponding
bare values. The enhancement in the resonance region is
smaller than in the case of the P11 and the P33 partial
wave [28].
The results for pion-induced meson production are dis-
played in table 1 and figs. 2–4. In the vicinity of the lower
(N(1535)) resonance, just above the η threshold, the elas-
tic and inelastic amplitudes are strongly influenced by the
s-wave ηN channel. In the energy region of the upper res-
onance (N(1650)), additional channels open or become
more important. We have considered the following ad-
ditional channels: the pi∆ channel with l = 2, the KΛ
channel with l = 0, two channels involving the ρ meson
Fig. 1. Left panel: the ratio of the dressed and the bare piNN∗
vertex for the N(1535) and the N(1650); right panel: same for
the ηNN∗ vertex.
Res. Γtot Γi/Γtot
[MeV] piN ηN pi∆ KΛ ρ1N piR
N(1535) 95 0.44 0.54 0.01 - 0.02 0
N(1535)’ 128 0.35 0.62 0.01 - 0.01 0
Exp. 125 0.35 0.53 0.01 - 0.02 0
– 175 – 0.55
N(1650) 144 0.60 0.01 0.22 0.09 0.04 0.04
N(1650)’ 124 0.71 0.01 0.09 0.10 0.05 0.04
Exp. 150 0.60 0.02 0.02 0.03 0.01 0.03
– 180 – 0.95
Table 1. The total and the partial widths for the N(1535)
and the N(1650) resonance at the K-matrix pole (1535 MeV
and 1690 MeV, respectively). Here N(1535)’ stands for the re-
sults using the value fη = fpi (instead of fη = 1.2 fpi), and
N(1650)’ for the results using the value of the d-wave pi∆ cou-
pling reduced by a factor of 0.50 compared to the quark-model
prediction; piRmeans the piN(1440) channel. The experimental
values are from [36].
with l = 0 (ρ1N) and l = 2 (ρ3N), and the piN(1440)
channel with l = 0. Using the quark-model values for the
quark-meson coupling as introduced in appendix A we
obtain a good agreement between the model prediction
and the experimental analysis for the lower resonance; for
the upper resonance the agreement is worse. Though the
extraction of the experimental points is less reliable and
differs considerably between different authors, the results
clearly indicate that the strength of the pi∆ (d-wave) ver-
tex is overestimated in our model (table 1). Multiplying
the strength of the pi∆ vertex by 0.5 yields a better agree-
ment with the data (fig. 4) and improves the agreement
with the imaginary part of the elastic T matrix (fig. 2).
The behaviour of the imaginary part of the piN am-
plitude is very sensitive to the value of fη; for our stan-
dard choice fη = 1.2fpi we get a typical resonant peak
at around 1510 MeV while for fη = fpi (corresponding to
a stronger quark-η coupling) this peak disappears and we
end up with a cusp at the ηN threshold (fig. 3). The effect
of reducing fη also considerably influences the total width
of the resonances and the piN branching ratio (table 1).
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Fig. 2. The real and the imaginary part of the scattering T
matrix for the S11 partial wave. The thick solid and dashed
lines correspond to the elastic channel and the thin solid and
the thin dotted lines to the piN → ηN channel. The solid lines
are obtained by using the reduced value of the d-wave pi∆
coupling while the dashed lines correspond to the unmodified
quark-model values for the baryon-meson couplings. The points
for the elastic channel (full circles) are from the SAID piN →
piN partial-wave analysis [4]. Those for the inelastic one (open
circles) are from [37]; the dotted lines are the latest (WI08)
piN → ηN solution [38].
This effect is not so pronounced in the case of the ηN
amplitudes. The comparison of the calculated total cross
section for the reaction pi−p→ η n which is dominated by
the ηN channel up toW ∼ 1650 MeV [43] with the recent
precise measurement [42] seems to favour the higher value
of fη (fig. 3, right panel).
The bag radius determines the overall strength of the
quark-meson interaction and an effective momentum cut-
off which for the s-wave mesons and Rbag = 0.83 fm
corresponds to Λ = 510 MeV/c. Taking a larger radius,
Rbag = 0.90 fm, the widths of the resonances are re-
duced by ∼ 35 %, but the behaviour of the elastic am-
plitude improves in the region below the ηN threshold.
Fig. 3. Left panel: the imaginary part of the T matrix for
elastic scattering (solid lines) and for the ηN channel (dashed
lines) in the region of the N(1535). The thick lines correspond
to fη = 1.2 fpi , the thin lines to fη = fpi . Right panel: the
(dominant) S11 contribution to the total cross-section for the
pi− p → η n reaction using fη = 1.2 fpi (solid line) and fη = fpi
(dashed line). Data points in the left panel: see fig. 2. Experi-
mental data in the right panel are from [39] (open triangles),
[40] (open circles), [41] (open squares), and [42] (filled circles).
Fig. 4. The real and the imaginary part of the T matrix for the
piN → pi∆ (left panel) and for the piN → KΛ channel (right
panel) in the S11 partial wave. The thick lines are obtained by
using the reduced value of the d-wave pi∆ coupling while the
thin lines correspond to the unmodified quark-model values for
the baryon-meson couplings. The points are from the partial-
wave analysis of [12].
Decreasing the bag radius the widths increase and at the
same time the mass of the bare N(1535) increases while
that of the N(1650) decreases. Below a certain critical
Rbag no solution exists for the bare masses if the posi-
tions of the K-matrix poles remain fixed; this might be
an indication that the picture with two genuine three-
quark states breaks down and quark-meson couplings be-
come sufficiently strong to support a quasi-bound state of
mesons and baryons.
4 The meson electroproduction amplitudes
In the S11 partial wave, electroproduction of mesons is
dominated by the E0+ and S0+ amplitudes. The corre-
sponding E1 and C1 multipole operators have the familiar
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forms
V E1γ =
ie
√
3pi µ√
2ωγ kγ
∫
dr
[
jEM (r) ·∇
(
Y1µ(rˆ)
∂
∂r
rj1(kγr)
)
+k2γ r · jEM (r) j1(kγr)Y1µ(rˆ)
]
(17)
and
V C1γ =
e
√
12pi√
2ωγ
∫
dr j1(kγr)Y10(rˆ)ρEM (r) . (18)
The relations between the helicity and the pion electropro-
duction amplitudes are the same as for the M1 multipole
and are given in [29]. For ζ in (14) we have ζE =
√
1/12
for the transverse and ζS =
√
1/6 for the scalar ampli-
tude, and ζE =
√
1/2 and ζS = 1 for the ηN and KΛ
amplitudes.
The helicity amplitudes are displayed in fig. 5 and
fig. 6. The values for the transverse amplitudes are well
reproduced at the photon point and in the low-Q2 region.
For Q2 > 1.5 (GeV/c)2 the calculated amplitudes become
considerably smaller compared to the data indicating that
our simple quark model is not able to reproduce the short
range behaviour of the quark wave-function in the nu-
cleon. As expected, the pion cloud makes a sizable contri-
bution in the region of low Q2. In the N(1535) case, the
pion contribution and the vertex corrections improve the
agreement with the data. For the scalar amplitude this
contribution is however not sufficient to partially cancel
the large quark part. In the transverse amplitude for the
N(1650), the strength of the pion cloud contributions is
about half of the quark part, while in the scalar case, the
pion and quark parts largely cancel at low Q2 and bring
the sum into a better agreement with the data compared
to the N(1535) case.
The corrections for center-of-mass motion have been
studied in the Cloudy Bag Model in the case of helicity
amplitudes for the ∆(1232) production [44]. They reduce
the values of the amplitudes at smaller Q2 and enhance
them at largerQ2. However, the effect is small and we have
not considered such corrections in the present calculation.
The E0+ electroproduction amplitude for γp → piN
is displayed in fig. 7 and fig. 8 for Q2 = 0 and Q2 =
1 (GeV/c)2, and for γn→ piN atQ2 = 0 in fig. 8. Since the
model reproduces well the transverse helicity amplitudes
in the resonance region, the electroproduction amplitudes
also agree well with the phenomenologically determined
amplitudes. The good agreement extends also into the
region below the resonance where the dominant contri-
bution arises from the pion t-channel. Our model, how-
ever, fails to reproduce the threshold behaviour of the E0+
amplitudes since it assumes the pseudoscalar pion-quark
coupling and hence does not contain the Kroll-Ruderman
term. (This term can be ad hoc included in the model
but since we are primarily interested in the resonance re-
gion we have not considered such a possibility.) The S0+
scalar amplitude for γp→ piN is shown in fig. 9. Since our
Fig. 5. The proton transverse helicity amplitudes (solid lines)
for the N(1535) (left panel) and for the N(1650) (right
panel) evaluated at the pole of the K matrix, in units of
10−3 GeV−1/2. The dashed-dotted lines correspond to the
quark contribution, the dotted lines to the pion contribution
and the dashed lines to vertex corrections. Experimental data
are from the PDG [36] (filled squares at Q2 = 0), MAID [2,45]
(filled circles), and analyses of CLAS data [1,46] (open circles).
Fig. 6. The proton scalar helicity amplitudes for the N(1535)
and N(1650) resonances. Notation as in fig. 5.
model overestimates the size of the scalar helicity ampli-
tude at the photon point it also disagrees with the phe-
nomenologically determined amplitudes in the resonance
region for Q2 = 0 but yields a consistent prediction at
Q2 ∼ 1 (GeV/c)2.
The results for η photoproduction are compared to the
phenomenological prediction for the E0+ amplitude and
the total cross section in fig. 10. The results almost entirely
depend on the properties of the lower N(1535) resonance
and the threshold behaviour of the ηN amplitude but very
little on the background processes. Our standard choice
fη = 1.2 fpi yields somewhat too narrow amplitudes; in
contrast to the piN → ηN process, the choice fη = fpi
leads to a better agreement. The good overall agreement
with the data for η production supports our conjecture
about the dominance of the genuine three-quark configu-
ration in the N(1535) state.
The situation is less clear in the KΛ channel displayed
in fig. 11 since different analyses yield apparently con-
flicting results, in particular for the E0+ amplitude which
is, however, determined only up to a phase. Our predic-
tion for the absolute value is consistent with the recent
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Fig. 7. The transverse amplitude E0+ for γp→ piN at Q
2 = 0
(upper panel) and Q2 = 1 (GeV/c)2 (lower panel) in units of
10−3m−1pi . Dashed lines correspond to the MAID analysis [2],
the experimental data are from [47].
Fig. 8. The transverse pion photoproduction amplitudes E0+
on the proton (upper panels, zoom-in of fig. 7) and on the
neutron (lower panels) in units 10−3m−1pi . The solid lines cor-
respond to fη = 1.2 fpi, the dashed lines to fη = fpi. The
experimental data are from [47].
Fig. 9. The scalar pion production amplitude S0+. Notation
as in fig. 7.
compilation of various analyses by Sandorfi and coauthors
[48]. The real and the imaginary parts of the E0+ ampli-
tude agree with the analysis of the MAID group except
in the region of the N(1650) resonance; the discrepancy
can probably be attributed to the higher position of the
pole of the K matrix which is at W = 1690 MeV in our
calculation. While the results for the inelastic scattering
amplitudes (table 1 and fig. 4) indicate that the strength
of the KΛ coupling is overestimated in our model, the re-
sults for photoproduction (fig. 11) show that our value for
this coupling is not inconsistent with the phenomenologi-
cal analyses.
Fig. 10. Eta photoproduction on the proton. Left panel: real
and imaginary parts of the E0+ multipole; our result (thick
lines); EtaMAID [49] (thin lines). Right panel: total cross-
section; our result (fη = 1.2 fpi: solid line, fη = fpi : dashed
line). The experimental data are from [50] and [51].
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Fig. 11. The transverse K+-production amplitude E0+. Left
panel: real and imaginary parts; our result (thick lines); Kaon-
MAID [8] (thin lines). Right panel: absolute value of the ampli-
tude; our result (thick solid line); KaonMAID (thin solid line);
SAID [52] (dotted line); Bonn-Gatchina [3] (dot-dashed line),
JSLT [24] (long-dashed line).
5 Conclusions
Using our method based on the coupled-channel formal-
ism incorporating quark-model quasi-bound states, and
the Cloudy Bag Model to describe the quark states and
the coupling to the mesons, we have been able to repro-
duce the main features of pi- and γ-induced production of
pions, η mesons, and kaons. We have used the same model
parameters as in the case of the positive-parity resonances,
adding only the mixing parameter between the two bare-
quark states corresponding to N(1535) and N(1650), and
their bare masses. We have not attempted to add further
adjustable parameters in order to obtain a perfect fit to
available data, being aware of the limitations of the model
which, in general, is able to reproduce different observables
pertinent to the ground state and the excited states within
∼ 20 %.
The role of the meson cloud turns out to be important
in two aspects: it enhances the bare baryon-meson cou-
pling and improves the behaviour of the helicity ampli-
tudes in the region of low Q2. The enhancement is how-
ever not so strong as in the case of the positive-parity
resonances and the electroexcitation amplitudes are dom-
inated by the quark contribution. The enhancement does
not lead to a formation of meson-baryon quasi-bound states
as predicted by some models based on the Weinberg-Tomo-
zawa type of meson-baryon interaction. The critical pa-
rameter to distinguish between the two mechanisms of
resonance formation can be related to the effective mo-
mentum cut-off which in our case corresponds to a rather
low value of ∼ 500 MeV/c.
The couplings of the resonances to different inelastic
channels are reasonably well reproduced particularly in
the ηN channel. At present, the experimental data are in-
sufficient to support a reliable multipole analysis of the
KΛ photoproduction channel [52], and there is a large
spread of predictions for the E0+ multipole. Our calcula-
tion of this channel does not appear to be in conflict with
any of them. We therefore conclude that our assumption
about the form of the quark interaction with the pseu-
doscalar octet mesons is sensible. The d-wave pion cou-
pling to ∆(1232) turns out to be overestimated; for ρN
channels the available data do not allow us to draw more
definitive conclusions.
The authors would like to express their thanks to M. Do¨ring
for a helpful discussion regarding the KΛ channel, and to
I. Strakovsky for kindly providing us with the latest set of SAID
partial-wave amplitudes. One of the authors (B. G.) would like
to acknowledge the hospitality he enjoyed during a visit to the
University of Coimbra and stimulating discussions with M. Fi-
olhais, L. Alvarez-Ruso and P. Alberto.
A The Cloudy Bag Model meson-quark
vertices
The vertices Vlmt(k) in (1) are evaluated in the Cloudy
Bag Model assuming that one of the three quarks is ex-
cited from the 1s state to the 1pj state with the total an-
gular momentum j either 1/2 or 3/2. The relevant quark
bispinors in the j mj basis are
ψs(r) =
Ns√
4pi j0(ωs)
( −i j0(ωsr/R)
σ · rˆ j1(ωsr/R)
)
χmj ,
ψp1/2(r) =
Np1/2√
4pi j0(ωp1/2)
(
i j1(ωp1/2r/R)σ · rˆ
j0(ωp1/2r/R)
)
χmj ,
ψp3/2(r) =
Np3/2√
6pi j1(ωp3/2)
(
−i j1(ωp3/2r/R)
σ · rˆ j2(ωp3/2r/R)
)
×
∑
msm
χms rˆmC
3
2
mj
1
2
ms1m
.
Here χm is the spinor for spin
1
2 , R is the bag radius,
ωs = 2.043, ωp1/2 = 3.811, ωp3/2 = 3.204, and
N2s =
ωs
2R3(ωs − 1) , N
2
p1/2
=
ωp1/2
2R3(ωp1/2 + 1)
,
N2p3/2 =
9ωp3/2
4R3(ωp3/2 − 2)
.
For the quark pion coupling we obtain
V pil=0,t(k) =
1
2fpi
√
ωp1/2ωs
(ωp1/2 + 1)(ωs − 1)
1
2pi
k2√
ωk
j0(kR)
kR
×
3∑
i=1
τt(i)Psp(i) ,
V pi1mt(k) =
1
2fpi
ωs
(ωs − 1)
1
2pi
1√
3
k2√
ωk
j1(kR)
kR
3∑
i=1
τt(i)
×
(
σm(i) + rp1/2S
[ 1
2
]
1m(i) + rp3/2S
[ 3
2
]
1m(i)
)
,
V pi2mt(k) =
1
2fpi
√
ωp3/2ωs
(ωp3/2 − 2)(ωs − 1)
√
2
2pi
k2√
ωk
j2(kR)
kR
×
3∑
i=1
τt(i)Σ
[ 1
2
3
2
]
2m (i) .
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Here
Psp =
∑
mj
|smj〉〈p1/2mj| ,
S
[ 1
2
]
1m =
√
3
∑
mjm′j
C
1
2
mj
1
2
m′
j
1m|p1/2mj〉〈p1/2m′j | ,
Σ
[ 1
2
3
2
]
2m =
∑
msmj
C
1
2
ms
3
2
mj2m
|sms〉〈p3/2mj | ,
S
[ 3
2
]
1m =
√
15
2
∑
mjm′j
C
3
2
mj
3
2
m′
j
1m|p3/2mj〉〈p3/2m′j | , (19)
and
rp1/2 =
ωp1/2(ωs − 1)
ωs(ωp1/2 + 1)
, rp3/2 =
2ωp3/2(ωs − 1)
5ωs(ωp3/2 − 2)
.
For the s-wave octet η and K mesons we assume the
flavour SU(3) symmetry yielding
V η(k) =
1
2fpi
√
ωp1/2ωs
(ωp1/2 + 1)(ωs − 1)
1
2pi
k2√
ωk
j0(kR)
kR
×
3∑
i=1
λ8(i)Psp(i) ,
V Kt (k) =
1
2fK
√
ωp1/2ωs
(ωp1/2 + 1)(ωs − 1)
1
2pi
k2√
ωk
j0(kR)
kR
×
3∑
i=1
(Vt(i) + Ut(i))Psp(i) ,
with t = ± 12 , V±t = (λ4 ± iλ5)/
√
2 U±t = (λ6 ± iλ7)/
√
2,
fη = 1.20 fpi [53], and fK = 1.20 fpi [36].
For the coupling of negative parity states to ρN , the
dominant contribution is expected to arise from the trans-
verse ρ-mesons with the total J = 1 and the orbital an-
gular momentum of the ρN system equal to either 0 or 2.
Assuming that the ρ meson couples to the quarks only on
the bag surface [54] in the form γµρµ, we find (note that
m in (1) and below refers to the total angular momentum
rather than to the orbital one):
V ρl=0mt(k) =
1
2fρ
√
ωs
(ωs − 1)
1
2pi
k2√
ωk
j0(kR)
kR
∑
i
τt(i)
×
(√
8
3
√
ωp1/2
ωp1/2 + 1
Σ
[ 1
2
]
1m + 3
√
ωp3/2
ωp3/2 − 2
Σ
[ 1
2
3
2
]
1m (i)
)
,
V ρl=2mt(k) =
1
2fρ
√
ωp3/2ωs
(ωp3/2 − 2)(ωs − 1)
1
2pi
1
3
k2√
ωk
j2(kR)
kR
×
3∑
i=1
τt(i)Σ
[ 1
2
3
2
]
1m (i) .
Here
Σ
[ 1
2
]
1m =
∑
msmj
C
1
2
ms
1
2
mj1m
|sms〉〈p1/2mj | ,
Σ
[ 1
2
3
2
]
1m =
∑
msmj
C
1
2
ms
3
2
mj1m
|sms〉〈p3/2mj| , (20)
and fρ is the ρ-meson decay constant with the experimen-
tal value 208 MeV.
The peculiar oscillating shape of the CBM form fac-
tor has little influence in the case of the p and d-wave
pions but leads to the unphysical behaviour of the s-
wave scattering amplitude since it crosses zero already at
W ∼ 1950 MeV. We have cured this problem by replacing
j0(kR) by an exponential tail for k > 1.6/R in such a way
as not to alter the value of the self energy integral.
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